AMT and MT surveys were conducted to investigate at high resolution the spatial resistivity structure of Unzen volcano, with consideration given to understanding its regional dimensionality. Our phase tensor analysis supports the conclusion that the resistivity structure is two-dimensional, with the strike in the E-W direction. Two-dimensional inversions suggest that Unzen volcano is likely to comprise 4 layers: a high resistivity surface (greater than 1000 m), an intermediate second layer (20 to several hundreds of m), a low resistivity third layer (less than 20 m), and a relatively high resistivity basement. We assume the upper-most high resistivity layer consists of undersaturated lava and pyroclastic flow deposits. The second and third layers are likely to be water-saturated and form an aquifer that seems to correlate well with the emergence of groundwater discharge at the surface. In deeper areas beneath the summit, a region with a resistivity of 20-80 m is surrounded by areas of extremely low resistivity (less than 3 m); this structural features in Unzen volcano was first identified in this study, but is typical of the resistivity structure observed in active volcanoes. Interpreting the results of well logs and geodetic studies of Unzen volcano in light of the findings of the present study and the resistivity structure of other active volcanoes, we suggest that Unzen volcano possesses a hydrothermal system of high-temperature fluids beneath its edifice; this hydrothermal system may play a non-negligible role in controlling heat and mass transfer in the magmatic system of Unzen volcano.
Introduction
Unzen volcano is a group of lava domes located on the Shimabara Peninsula, SW Japan (Hoshizumi et al., 1999) . The Shimabara Peninsula is situated in a volcanotectonic depression (Ohta, 1973; Chida, 1979) . N-S extension has formed Unzen graben defined by the E-W trending faults, shown by the heavy lines in Fig. 1 . The present center of volcanic activity is located in the middle of Unzen graben, Mt. Fugen-dake and Mt. Heisei-shin-zan. The resistivity characteristics of the Shimabara Peninsula have been investigated extensively using electromagnetic methods (e.g., airborne electromagnetic method (Mogi et al., 1995) ; VLF-, ELF-, and ULF-MT (Kagiyama et al., 1999) ; TDEM (Kanda, 1997; Srigutomo et al., 2008) ). Srigutomo et al. (2008) found two high conductance areas at the western and eastern part of Shimabara Peninsula. By comparing their results with seismic activity (Umakoshi et al., 1994) and soil CO 2 emissions (Takahashi et al., 2004) in the area, the authors inferred that their observations of high conductance were due to the vigorous release of volcanic gas from magma.
Regarding the summit area, the presence of the active hydrothermal system was inferred at the surface, from the high SP (self-potential) anomaly (Hashimoto and Tanaka, 1995; Hashimoto, 1997) and the low resistivity surface (Kagiyama et al., 1999) . These facts expected that the magmatic activity might extend the low resistivity region from the deeper part to the surface, making high conductance at the area; such resistivity feature, however, was not detected by Srigutomo et al. (2008) . In the authors' work, the detailed resistivity structure could not be obtained because of the one-dimensional analysis and the insufficient observation points around the summit area. Therefore, the geometry and condition of the hydrothermal system beneath Unzen volcano have remained unknown. The present study aims to determine the regional dimensionality of the system and provide a high resolution understanding of the resistivity structure of Unzen volcano (Mt. Fugen-dake, shown in Fig. 1 ) and the underlying hydrothermal system.
AMT and MT Surveys

Data acquisition and processing
Magneto-tellurics (MT) is a geoelectrical sounding method used for estimating resistivity structure on the basis of electromagnetic induction (e.g., Cagniard, 1953; Vozoff, 1991; Simpson and Bahr, 2005) . For the present study, Open circles represent the observation points of AMT. Solid circles represent the observation points of AMT and MT. Line A-B, heavy line, and stars represents the projection plane of the resistivity structure, the faults, and the boreholes, respectively. Small lines on the heavy line represent the dip of the fault.
AMT (Audio Magneto-tellurics) and MT surveys were conducted in November 2008, and July and August 2009 on the Unzen volcanic massif, using Phoenix Geophysics MTU-5 system. The observation points, shown in Fig. 1 , were configured in a N-S direction across the summit of Unzen volcano. Four Pb-PbCl 2 electrodes were used for measuring two orthogonal components of electric fields (N-S and E-W directions), and one additional electrode was used for grounding. Three orthogonal components of magnetic field (N-S, E-W, and vertical directions) were measured using three induction coils, which consist of a coil of copper wire wound on a core with high magnetic permeability. Data were collected in the frequency range between 1 Hz and 10 kHz. For the relatively high frequency range between 100 Hz and 10 kHz, AMT induction coils were used, and each observation point continued data acquisition for four hours. For the relatively low frequency range between 1 Hz and 100 Hz, MT induction coils were used, and each observation point continued data acquisition for one week.
To remove contamination in the data due to local noise, we applied Gamble et al.'s (1979) remote reference processing method using geomagnetic data from Sawauchi (1000 km from Unzen). For the data obtained with the AMT induction coils, we performed mutual referencing within the survey area.
Dimensionality and strike estimation
To estimate the dimension of the structure of Unzen volcano, impedance phase tensors and skew angles (β) were calculated using the method of Caldwell et al. (2004) ; this method has the merit of removing distortion from the original impedances due to near surface anomalies. Figure 2(a) shows the impedance phase tensors, skew angles, and induction arrows for representative frequencies. The error of the skew angle is less than 0.1 degree for a frequency of 100-10800 Hz, and several degrees for a frequency of 1-100 Hz. The skew angles are relatively large for the frequencies higher than 3 kHz near the summit of Unzen. This suggests that the near surface of Unzen volcano has significant inhomogeneity. On the other hand, the major axes of the impedance phase tensors in Fig. 2 (a) are oriented roughly to the same direction. Further, the rose histograms of the major axes of the impedance phase tensors, shown in Fig. 2(b) , mean that most of the axes for the whole frequencies are oriented to the same direction. These suggest that it would be reasonable to assume a regional 2-D structure with near surface inhomogeneity in the summit area. Therefore, in this study, we attempted to estimate the resistivity structure by assuming regional 2-D structure. Secondly, the regional strike of Unzen volcano was estimated using the histograms of the major axes of the impedance phase tensors. The error of the axes is less than a few degrees for a frequency of 10-10800 Hz, and about several tens degrees for a frequency of 1-10 Hz. The modes of the regional strikes were N3.6
• E for over 1000 Hz, N2.4
• W for 100-1000 Hz, N0.1
• E for 10-100 Hz, and N1.5
• W for 1-10 Hz respectively. Thus, the averaged mode of the regional strikes for whole frequencies was either N0.1
• E or N89.9
• E, noting that regional strike obtained from phase tensor ellipses has 90
• ambiguity. In this study area, E-W striking faults are predominant, due to N-S tensional stress (Hoshizumi et al., 1999) . According geological information obtained from boreholes, the basement has continuity in the E-W direction, deepening towards the center of the Unzen graben (Hoshizumi et al., 2002) . Taken together, these facts suggest the regional geology is discontinuous in the N-S di- rection. Induction arrows are also oriented roughly in N-S directions for most frequencies. Therefore, regional strike is estimated at N89.9
• E, that is, almost in the E-W direction. Accordingly, the impedance tensors were rotated to correspond with a 2-D strike oriented to N89.9; after which, distortion analysis by the method of Bibby et al. (2005) was performed. This procedure estimates the distortion tensor, produced by the surface heterogeneity, considering the ellipticity of the phase tensor and β angle. The effect of the distortion was removed from the rotated impedance tensor by multiplying the inversion matrix of the distortion tensor and the impedance tensor. Figure 3 shows the pseudosection of apparent resistivity and phase of both TM-and TE-modes calculated from impedance tensors obtained by the process described above. Apparent resistivity and phase of TM mode are calculated, using electric fields perpendicular to the strike and magnetic fields parallel to the strike. TE-mode treats electric and magnetic fields in an opposite manner. For both modes, apparent resistivities comprehensively have the high values at the high frequencies, and decrease as frequencies decrease.
Phases have the low values below 45 degrees at the high frequencies between 10 kHz and several kHz, except for both modes of UZ398 and TE mode of UZ407. They increase as frequencies decrease over a range of 10 kHz to 10 Hz, and begin to decrease from around 10 Hz. These features suggest that low resistivity layer is present between relatively higher resistivity layers.
TM modes of UZ402, 403, 404, 405, and 406 have almost the same phase characteristics as those reported in the above, with the exception of the apparent resistivities of UZ402 and 403, which are shifted slightly lower than the other observation points. In fact, UZ402 and UZ403 are located at the by precipitous cliffs. We attribute these shifts to the location of the transects near precipitous cliffs, as it is known that steep topographical changes can influence MT observations (e.g., Wannamaker et al., 1986; Jiracek, 1990) .
2-D analysis
2-D resistivity structure analysis was performed using an inversion code developed by Ogawa and Uchida (1996) . This code performs smoothness-constrained 2-D inversion based on the ABIC minimization method. In this inversion scheme, trade-off parameters between data misfit, model roughness and static shift are estimated so as to minimize the misfit functional, assuming that static shifts have Gaussian distributions. In this study, both TM-mode and TEmode data were used for 2-D analysis. Minimum error floors for apparent resistivity and phase were set to be 5% and 1.4 degrees, respectively. Resistivity structure was projected to the N-S direction shown by Line A-B in Fig. 1 , which is perpendicular to the strike and representative topography of the observation points. Calculation was started using an initial model with a uniform resistivity of 100 m. Figure 4 shows the best fit model obtained after achieving 67 iterations. RMS misfit was 1.24. The pseudosection calculated from the best fit model is shown in Fig. 3 . The inferred model is considered to reproduce most of the apparent resistivity and phase distributions. The discontinuity of phase between UZ406 and UZ407 at high frequencies is explained by shallowlyemplaced uniform resistivity blocks below UZ407 with a thickness of several hundred meters. The discontinuity between UZ398 and UZ399 is explained similarly by the inclusion of shallow blocks of uniform resistivity. In addition, TM-mode apparent resistivities are shifted to higher values at UZ402 and UZ403 as a correction of the static shift by the inversion process.
Sensitivity tests
Before making any interpretations on the basis of our analyses, we performed a series of tests to examine the sensitivity of the model. The tests performed are described in the following paragraphs.
2.4.1 linear sensitivity analysis Linear sensitivity analysis based on the method of Schwalenberg et al. (2002) was performed. According to those authors, model sensitivity can be described as:
Where, S j is the sensitivity of the respective grid element j, j is the size of the grid element j, f i (m) is the forward solution of model m, m j is the resistivity change of the grid element j, σ i is the standard deviation of the data, and N is the number of elements (N = number of observation sites× number of frequency × data types). This equation states that model resolution is the sum of the gradient of forward solution to the resistivity change of a given grid element, which is normalized by the standard deviation of the data, and weighted by the size of each grid element. Data and forward solutions include 4 types: apparent resistivities and phases of the TE-and TM-modes. Figure 5 (a) shows the model sensitivity obtained by the above method. The sensitivity calculations show that sensitivity decreases with depth, corresponding to the limit of the sounding frequency. In the northern shallow part of Unzen volcano, high sensitivities are obtained; on the other hand, relatively low sensitivities are found in the southern shallow part. These low sensitivities are attributed to sparse observation points in the southern part. Furthermore, the southern area shows very low sensitivities (less than 10 −5 ) at deeper depths. This is because of few available data and the large errors of data with low frequency ranges between 1 and 10 Hz. In fact, there are many electric power lines in the whole area of the volcano, and many buildings are also present on the foot of the volcano. These factors introduce noise into the data, and we therefore assume that data taken at frequencies below 10 Hz were contaminated despite the length of observation time (about one week). The sensitivity obtained in this analysis is a measure of the confidence that can be placed in the model. Therefore, it is necessary to determine the minimum sensitivity to constrain the reliable domain of the model. In order to determine the minimum reliable sensitivity, the southern deeper area with low sensitivities was used for the following further sensitivity analysis.
Determination of minimum reliable sensitivity
The further analysis examines the change of sounding curves by distinctively changing the model. The southern deeper part contains two regions as shown by the region X and Y in Fig. 4 . Resistivities of the region X is higher than those of the upper layer, in contrast to those of the region Y, which shows resistivities that are lower than the upper layer. In this analysis, the resistivities of those regions were oppositely revised, and the fit of the changed soundings to the observed data was examined.
Case1: region X Region X has a high resistivity of more than 100 m. In this case, the sensitivity of TM phase of UZ399 was examined by replacing the region X with a 1 m body in Case1-1, and by replacing a lower part of the region with a 1 m body in Case1-2, respectively. Figure 5 (b-1) shows the sensitivity of the phase of UZ399 in both cases. In Case1-1, the calculated sounding curve does not fit well between 3-10 Hz. On the other hand, in Case1-2, fit of the calculated sounding curve to observed data between 3-10 Hz is almost the same as that of the best-fit model, and both the sounding curves of Case1-2 and best-fit model can explain the data around 2 Hz. It appears that the observed soundings cannot constrain the resistivity structure of region X at depths deeper than those defined by Case1-2.
Case2: region Y A low resistivity (below 10 m) extends from depths deeper than 1 km beneath UZ398. The sensitivity of TM phase of UZ398 was examined by replacing the region Y with a 100 m body in Case2-1, and by replacing the lower part of the region with a 100 m in Case2-2, respectively. Figure 5 (b-2) shows the sensitivity of the phase of UZ398 in both cases. In Case2-1, the calculated sounding curve does not fit well between 15-3 Hz. In Case2-2, the difference of phase between Case2-2 and best fit model is within the margin of error. It appears that the observed soundings cannot constrain the resistivity structure of region Y at depths deeper than those defined by Case2-2.
The sensitivity tests described above correspond roughly to sensitivities less than 1.3×10
−5 . Therefore, in this study, the model blocks with the sensitivities above 1.3 × 10 −5
were regarded as reliable.
2-D resistivity structure
Figure 6(a) shows the resistivity structure of Unzen volcano after removing the low sensitivity regions. The surface is covered by the high resistivity (several to 10 k m) layer with a thickness of several hundreds meters. This structure is in good agreement with the surface structure inferred from the airborne electromagnetic survey conducted by Mogi et al. (1995) . Resistivity structure shifts from low to high at the depth of 2.5 km. This feature is consistent with the previous works by Kagiyama et al. (1999) and Srigutomo et al. (2008) . Figure 7 shows the resistivities along the borehole USDP-4, where conduit drilling was performed (Nakada et al., 2005) . Red and black lines represent the resistivities obtained by this study and those obtained by well logging (Ikeda et al., 2008) . Well logging shows that resistivities gradually decrease from 1000 m to 10 m with depth. This trend of resistivities is well reproduced by this study. The resistivities at depths between 1.25 and 1.75 km inferred in this study are about 10 m, and similar to those obtained from well logging. Further, the increasing resistivities below 1.75 km depth also correspond well to those found in the borehole logs. Taken together, the findings from borehole resistivity logging support the hypothesized resistivity structure presented in this study.
Discussion
Comprehensive features of the resistivity structure
Figure 6(b) shows the interpretation of the resistivity structure. The obtained resistivity structure is composed of 4 layers: the high resistivity surface (greater than 1000 m, I in the figure), the intermediate second layer (20-several hundreds m, II), the low resistivity third layer (less than 20 m, III), and the relatively high resistivity layer beneath the third layer (IV).
We interpret the first layer as consisting of undersaturated lava and pyroclastic flow deposits. This interpretation is supported by the findings of Mogi et al. (1995) , who used existing geological survey data to map the distribution of lava flows on Unzen volcano. Furthermore, Komori et al. (2010) pointed out that undersaturated pyroclastic flow deposits have a resistivity over 1000 m by comparison between DC resistivity survey and resistivity measurements on the drillcore samples at the USDP-1 site on Unzen volcano; which is consistent with the conceptual model presented in this study. The upper part of the intermediate second layer has a resistivity of several hundreds m. It is present below the undersaturated lava and pyroclastic flow deposits, and also emerges on the surface of their northern and southern edges. Its emergence on the surface corresponds to the location of the cold springs, as shown in Fig. 6 (b) (Research group of the groundwater for agricultural use, 1986). Komori et al. (2010) , in their study of the USDP-1 core, found that the pyroclastic and mudflow deposits that comprise the host rock demonstrated resistivities on the order of several hundred m when saturated with low-salinity (several tens of m) pore water, which is equivalent to the groundwater salinity of Unzen. On this basis, we conclude there is a water saturated aquifer extending downward through the several hundred m region, and that the cold water springs are a manifestation of groundwater discharge in this region.
The low resistivity third layer less than 20 m overlays the relatively high resistivity fourth layer. Yano et al. (1989) found that the effective porosities decrease to less than a few percent at the 2-3 km depth, using the drillcores obtained from volcanic and geothermal areas in Japan. This suggests that formations deeper than the depth can hold little water because of a lack of pores. Therefore, the relatively high resistivities deeper than 2 km below sea level (b.s.l.) are considered to be due to a lack of interstitial water in the bulk formation. It is estimated that the aquifer extends from the second layer through the third layer.
Resistivity of the deeper aquifer
Basically, the resistivity of the water-saturated aquifer is decreased with depth, and the low resistivity third layer extends downward to 2 km b.s.l. Decreasing resistivities are considered to be due to the increase of fluid salinity and/or rock alteration (e.g., Keller and Rapolla, 1974; Revil et al., 2002) . On the other hand, regarding the deeper region of the summit area, the region with a resistivity of 20-80 m extends upward to 0.5 km b.s.l., as indicated by R in Fig. 6(b) . Further, this region is surrounded by the extremely low resistivity region less than 3 m (C1 and C2 in Fig. 6(b) ).
The resistivity structure described in the preceding paragraph is typical for an active volcano (e.g., Usu volcano (Ogawa et al., 1998; Matsushima et al., 2001) ; Galunggung Volcano (Wannamaker et al., 2004) ; Kusatsu-shirane volcano (Nurhasan et al., 2006) ; Asama volcano (Aizawa et al., 2008) ; Aso volcano ; Rotokawa geothermal field (Heise et al., 2008) ). In general, such an extremely low resistivity is interpreted as low permeability clay due to hydrothermal alteration (e.g., Ogawa et al., 1998; Revil et al., 2002) ; it is believed that low permeability clay behaves as a sealing zone, and that high temperature fluids are maintained and circulate within the relatively high resistivity region (e.g., Björnsson et al., 1986; Ussher et al., 2000) . The relatively high resistivity of the fluid-bearing zone is considered to be due to undersaturation by a gas phase, and/or the breakdown of conductive smectite by high temperature conditions (Pytte and Reynolds, 1989) .
In Unzen volcano, a temperature of 180
• C was estimated at the bottom of the borehole USDP-4 from temperature logging and fluid inclusion studies (Nakada et al., 2005) . Furthermore, geodetic surveys found the pressure source during the 1990-1995 eruption at a depth of about 1.5-3 km beneath the summit (Geodetic Survey Group, Joint Observation by National Universities, 1991; Ishihara, 1993; Hendrasto et al., 1997; Kohno et al., 2008) . These facts suggest that the condition of higher temperature is maintained by the shallowly-emplaced dikes inside the region. Therefore, a typical hydrothermal system may be present in the deeper part of the aquifer beneath Unzen volcano, which would explain the absence of a high conductance region at the summit noted by Srigutomo et al. (2008) . Fujimitsu et al. (2008) performed numerical simulations to investigate the hydrothermal system at whole Shimabara Peninsula, by assuming the heat source in the western deeper part of the Peninsula. Their work does not consider the heat source beneath the summit area of Unzen volcano, because of the assumed small contribution from the pressure source to crustal deformation during eruption. In contrast to their assumption, the hydrothermal system inferred in the present study may make a non-negligible contribution to the heat and mass transfer of the whole magmatic system of the Shimabara Peninsula.
Conclusions
This study provides the spatially detailed look at the 2-D resistivity structure of Unzen volcano in southeast Japan by AMT and MT surveys, considering the regional dimensionality of the area. Unzen volcano is shown to consist of 4 resistivity layers. The high resistivity first layer is considered to be undersaturated lava and pyroclastic flow deposits. A water-saturated aquifer is inferred to extend from the intermediate second layer to the low resistivity third layer. Within the deeper part of the summit area, the data show a region of resistivity on the order of 20-80 ohm-m, surrounded by an extremely low resistivity region of less than 3 ohm-m. Although similar features are typical for active volcanoes, such the resistivity structure has not previously been known to exist at Unzen volcano. By analogy with other active volcanic systems, we hypothesize this low resistivity region results from the existence of a hydrothermal system comprising high-temperature volcanic fluids beneath the summit area. If so, the hypothesized hydrothermal system could make a non-negligible contribution to the heat and mass transfer of the regional magmatic system of the Shimabara Peninsula. As a result of the potential regional importance of such a system, we recommend additional investigations to characterize and more clearly delineate this intriguing feature.
